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Integration of Hadfield Steel into Modern Body Armor
Jason T. Fridlund
Fall Semester, 2022

Abstract
The increased lethality of recently fielded projectiles mandates a proportional escalation in armor
performance. Recent advancements in ceramic technologies have allowed designers to incorporate harder but
more brittle materials into hard armor designs to defeat yet more capable penetrating projectiles. Ceramics
suffer from the feature of shattering, however, even when impacted by threats below their design parameters.
While this shattering mechanism is used effectively to dissipate energy from high-energy rifle projectiles, it is
wasted on low-energy projectiles, and can result in easily damaged lifesaving gear, both of which are
undesirable in combat. In contrast, steel body armor has been used in warfare for at least the past millennium.
Its strengths, weaknesses, and unique characteristics are well-understood. Despite this, the advent of lightweight
and hard ceramics has relegated steel armor to use in heavy machinery, ships, and tanks. By analyzing the
processing, structure, properties, and performance characteristics of Hadfield/Manganese steel alloys,
particularly those pre-hardened to maximum hardness, hybrid ceramic-steel-fiber composite systems may not
only maintain or improve upon the performance of modern technical ceramic plates but may also improve upon
the handling toughness and service lives of the plates. This analysis offers a Process-Structure-PropertiesPerformance (PSPP) map of Hadfield steel with respect to raw materials, manufacturing, material properties,
and resulting armor performance.

Abbreviations
AP
°C
DOD
ESAPI
°F
FEA
Ft
Ft/Sec.
G
GPa
HRc

Armor-Piercing/Armor-Penetrating
Degrees Celsius (Temperature)
Department of Defense
Enhanced Small Arms Protective Insert
Degrees Fahrenheit (Temperature)
Finite Element Analysis
Foot/Feet (Length)
Feet Per Second (Velocity)
Acceleration from Gravity (9.8 M/Sec./Sec.)
Gigapascal (Stress, 1 x 169 Pa)
Hardness, Rockwell “C” Scale

KG
KSI
MPa
M
M/Sec.
N
Pa
PSF
PSPP
PSI
UHMWPE
SiC
XSAPI

Kilogram (Mass, 1,000 Grams)
1000 PSI
Megapascal (Stress, 1 x 166 Pa)
Meter(s) (Length)
Meters Per Second (Velocity)
Newton(s) (Force)
Pascal (Stress)
Pounds Per Square Foot
Process-Structure-Property-Performance
Pounds Per Square Inch
Ultra-High Molecular Weight Polyethylene
Silicon Carbide
“X-Threat” Small Arms Protective Insert
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Introduction

Since the advent of warfare, development of ever more advanced weaponry – from early
sharpened sticks and stones to modern firearms and other machines of war. Each innovation has
fostered correspondingly more advanced protections from it. In its earliest form, armor typically
consisted of strips of thick leather, treated plant matter, or wood paneling, specialized to protect
against edged weapons like axes, swords, and spears. These materials were supplanted first by
bronze, then heavy cast or forged iron, then purified and/or alloyed steel. World War II,
however, saw armor advance from the use of single materials to composites able to ward off
penetrating threats that ranged from handgun rounds and knives to large-caliber anti-vehicle
cannons and fragmenting explosives.
Hadfield steel is considered the first alloy steel ever truly commercialized, widely used, and
studied. Because its invention and commercialization occurred closely prior to World War I
(WWI), its use in armor became ubiquitous. Its earliest war application was in the British
“Brodie Helmet”, widely used throughout WWI by all the allied forces, in one form or another.
However, it’s most widespread use was in the M1 combat helmet of the US Army between 1940
and the mid 1980’s, with more than 22 million made in the first 5 years alone. At only 0.044”
thick, it is credited with saving more than 70,000 lives, having stopped more than 50% of
penetrating projectiles to the helmet area. In fact, the helmet prototypes were able to stop a .45
ACP pistol bullet from point blank range, far better than required [12].
It is suggested here that the use Hadfield steel might be a reasonable successor to prior
materials in our next-generation armor designs. For this study, we restrict our analysis of
protection from projectiles to body armor only, although the engineering principles can be
applied to vehicular armor as well.
Modern Body Armor Construction
Modern body armor can be separated into two categories: soft and hard. Because this study
is of metallurgical mechanics, we focus here only on hard body armor, and especially composite
armor.
Although hard body armor was prevalent in warfare for thousands of years, for roughly the
last five centuries, hardened steel armor represented the state of the art in personnel protection. It
nonetheless suffered from three major drawbacks: the weight required to stop modern rifle
bullets was encumbering; under impact by a high-velocity bullet, it tended to create “spall,” 1
high-velocity, hot metal fragments that usually sprayed in a direction perpendicular to projectile
travel, such that they often penetrated the throat of the soldier (Figure 1); and most crucially, it

Note: This is not true engineering “spall”, by proper definition. However, it is a convenient industry term that
represents a mode of similarly dangerous effects to the human wearer.
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provided little protection for mobilized troops against hardened steel, tungsten, depleted
uranium, and/or tungsten-carbide penetrating rounds.

Figure 1. Comparison of spalling effects in ceramic composite
(left) and steel armor (right). Courtesy of
https://i.ytimg.com/vi/Fd7LeSaldIE/maxresdefault.jpg

Today, most major military forces have abandoned hardened steel armor for variations on
composite hard armor plates. Usually, these plates are composed of a ceramic layer followed by
several layers of laminated fabric and epoxy [2]. The ceramic layer itself is usually a monolithic
plate, typically of silicon carbide or boron carbide, and although several sizes are available [3],
most measure at roughly 10” x 12”, approximating the vulnerable area of the human thorax. The
brittleness of the ceramic in a composite plate carries three distinct advantages. First, whereas
soft armor catches soft bullets via deformation of the bullet and dissipation of the impact energy
over a larger area, hard ceramic tends to shatter, thus absorbing the energy of the projectile via
breaking of the intermolecular bonds within the plate [2]. Second, a sufficiently thick ceramic
layer can shatter or fracture the projectile itself, resulting in smaller, blunter, and lower-velocity
particles which can be captured by the fiber laminate backing the ceramic plate [2]. Third, the
weight of a standard 10” x 12” ceramic composite plate is less than half that of the equivalent allsteel plate (~ 7 compared to 17 lb).
The U.S. Department of Defense (DOD) currently uses two types of hard armor plates in
body armor designed to protect against up to .30 caliber penetrating rounds, the Enhanced Small
Arms Protective Insert (ESAPI), suitable for hardened steel, and the “X-Threat” Small Arms
Protective Insert (XSAPI), which can reportedly protect against tungsten carbide rounds.
Although the same testing standards apply for all ESAPI plates, their manufacture differs slightly
among suppliers [3]. In general, the ESAPI plate utilizes either a silicon carbide or boron carbide
ceramic face backed by Kevlar and/or UHMW PE laminates. The XSAPI design, however,
remains classified, with little information available beyond its name and general ballistic
resistance. Based on its requirements and materials properties, it is likely composed of a thicker
sintered boron carbide strike face, backed by a high-tenacity laminated composite, such as
UHMWPE [4]. See Figure 2 below for the general mode of construction.
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Figure 2. Modern Body Armor Construction. Retrieved
from: https://www.packagingcompositeshoneywell.com/spectra/applications/ballistic-protection/

Although ceramic fragments created during plate shatter are unlikely to be ejected toward
the wearer’s neck, the pieces must nonetheless be captured to avoid skin perforation or excess
blunt damage behind the impact site. This requirement makes the use of a backing material such
as Kevlar or UHMWPE essential. Usually, this backing thickness is in excess of one pound per
square foot (PSF), or approximately 30 layers of Kevlar KM2. However, in some circumstances
backings may exceed 55 layers of Kevlar KM2 (~2.0 PSF).
Mechanically, the forced failure of a hard ceramic plate serves to disperse impact energy
from a projectile over a larger area of the body. When the bullet impacts the plate, the ceramic
crushes to deform the bullet, and cracks propagate throughout the plate, breaking the strong,
crystalline, intermolecular bonds and spreading the impact force over a large area of the plate.
Finally, the penetrator is caught within a high strength composite backing to prevent perforation
of the wearer’s skin [2]. In this way, the ceramic/laminate backing design of modern armor
plates is best seen as incorporating not only the traditional hard-armor strategies of projectile
flattening and shattering, but also the slowing of fragment velocities to a degree that allows
capture by the soft armor backing. In so doing, the ceramic begins to act like soft armor itself.
Body Armor Performance Standards
Testing standards published by the National Institute of Justice (NIJ) in the USA have
established various armor performance levels, with level III (RF1 per -0107), level III+ (RF2 per
-0107), and level IV (RF3 per -0107) being applicable to hard armor [25]. As the level increases
in value, so too does the ballistic resistance of the plate, and plates at all levels must stop specific
threat rounds yet maintain reasonable weights. Per the NIJ-0106/0107 testing standards, the
plates of various levels must be able to defeat the threats as shown in Table 1 below.
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Table 1: Ballistic Resistance of Hard Body Armor Per NIJ 0101.07 Standard [25]

Major Drawback to Ceramic Armor Plates
Though the numerous benefits of using ceramics in body armor have been discussed, such
as diminished weight, harder impact surfaces, increased overall projectile stopping power, and
minimized retention of energy by projectiles traveling past the ceramic face into the composite
backing. Nonetheless, there remains a major but little-appreciated drawback of ceramic plates:
impact toughness. It is common knowledge in materials science that, in general, when an object
is exceptionally hard, it is often exceptionally brittle as well.
This drawback is exacerbated by the fact that ceramic armor, by design, degrades with
every additional impact. In fact, testing requirements expect this, with Level IV (RF3) armor
allowing failure of the plate on only the second (2nd) shot (per NIJ-0106/0107 Standard [25]).
The US DOD has more stringent criteria for body armor plates than the commercial market. The
somewhat aging ESAPI plate was required to survive a single shot of M2AP .30-Caliber armor6
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piercing ammunition, with a 66.7% chance of stopping a second shot. Newer iterations must stop
two or even three of the same rounds [3].

Figure 3: Ceramic Tile Array for Use in Vehicles and Personnel.
Courtesy of Coorstek Ceramics [11]

Several companies offer multi-hit solutions with varying degrees of cost and performance.
These designs often utilize arrays of ~2x2” tiles that are assembled and cemented in the shape of
a standard armor plate (see Figure 3). From a failure perspective, however, pre-sectioned tile
arrays may suffer from increased backface deformation in comparison to a monolithic plate,
because the pre-sectioned arrays have already been “pre-cracked.” And because cracking is the
key mechanism by which ceramic dissipates energy when impacted, it is likely that, compared to
that of a monolithic ceramic plate, such pre-cracked plates would exhibit a more pointed
deformation pattern behind the plate. Confirming this supposition will require empirical test.
Such testing is especially important, given that fact that soldiers and law enforcement officers
may encounter situations in which they are struck by pistol rounds that weaken the plate, which
then may allow a rifle round to penetrate.
From this example, we can see that ceramic strike faces are somewhat impactor agnostic –
in other words, they will shatter and crack no matter which type of projectile impacts their
surfaces. This feature serves to dissipate energy quite effectively, but it can be detrimental to
multi-hit performance. How can these problems be surmounted? What if a ceramic strike face
alone is incapable of circumventing limitations inherent in their structures?
Potential Solution to the Problem: A Hybrid Steel/Ceramic/Composite Plate?
How might we remedy the drawbacks of steel and ceramic-based systems? Each has
serious pros and cons. Steel is heavy, but ceramic is light. Steel can handle infinite impacts
within its threat rating, but ceramic degrades quickly with every impact. Ceramic-based systems
can do what steel cannot: stopping tungsten carbide or depleted uranium penetrators within the
weight constraints of man-portable body armor. Ceramic, however, is brittle and easily damaged,
unlike steel, which is nearly impervious to drops, bumps, scrapes, and falls.
7
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Steel has one other acknowledged liability, its magnetism. Per DOD FQ/PD 07-03D,
pertaining to the acquisition requirements of the ESAPI and XSAPI plates, man-portable armor
cannot be allowed to influence the bearing of a magnetic compass [3]. There is a peculiar set of
steel alloys which exhibit no magnetism whatsoever. We review these next.

Processing & Composition of Hadfield Steels
Nonmagnetic steel alloys were invented by Robert Hadfield in 1882 [8], and today this
family of steels is known as “Hadfield” steel, “Mangalloy,” or more conventionally, manganese
steels. Several variations exist, but the original formulation consisted of 1% carbon, 12-14%
manganese, with iron comprising the remainder [6].
The mechanism by which Hadfield/Manganese steels obtain their unique properties is,
from a metallurgical perspective, somewhat simple, though the resulting processing and
properties are not. The original Hadfield recipe is indicated in Table 2 below, though it is now
governed by the ASTM-A128-B2 standard.

Table 2: Chemical Composition of Hadfield Steel Formula
(Courtesy of Titus Steel [9])

If ignoring the manganese concentration, the chemical composition resembles any standard
1% carbon steel. It is the high manganese component that makes Hadfield steels stand out.
Role of Manganese in Steel
Manganese serves several purposes in steel. It slows transformation of austenite into
martensite during hardening, deoxidizes the steel during manufacture, promotes deeper
hardening, and increases toughness of the steel substantially. Yet typical steel alloys, even those
which one might consider highly alloyed, often contain less than 3% manganese, and typically
less than 1%. Much like the effects of different medications on human physiology are heavily
dose-dependent, the alloying elements in steel require different amounts to have their intended
effects [13].
Why do most steels restrict themselves to manganese under 3%? There are several reasons
to limit manganese content at this level. First, the benefits to tensile strength of steel start to taper
with additions of manganese beyond 3%. Second, additional manganese above 3% tends to cause
the steel to become brittle, though this brittleness gives way to tremendous impact strength at
8
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concentrations above approximately 8%. Finally, high quantities of manganese limit the quenchhardenability of steel by lowering the normal transformation temperature of austenite to
martensite. In high enough quantities, this temperature can be lowered below room temperature
to create a completely austenitic, fine-grained steel, with all elements in solution with the iron
[8].
Quench Hardening in Standard Carbon Steels

Quench hardening is the standard method employed for hardening carbon steels, and we
review this process to establish a contrast to Hadfield steels. In quench hardening, a piece of
carbon steel is brought up to its austenitization temperature, the point at which the iron atoms
begin to increase their interatomic distance. The part is then held at this temperature for a
specified duration based on its thickness. This soaking period allows the various alloying
elements to diffuse within the expanded iron lattice. After this diffusion has occurred, the
material is rapidly cooled to near room temperature, a process which shrinks the iron lattice back
to its original spacing and traps the alloying elements within the lattice. The rapid cooling
(“quenching”) must be fast enough and reach a low-enough temperature that the steel structure
transitions below its martensitic transformation point before the alloying elements can migrate
out of the iron lattice.
An idealized carbon-balanced steel (perfectly eutectoid at ~0.80% carbon) would be
entirely martensitic, attaining the highest possible hardness for a plain carbon steel. In reality, not
all of the carbon diffuses evenly throughout the iron lattice, so most steels requiring high
hardness also contain extra carbon to compensate for unequal rates of diffusion. In addition, any
steels that require that hardness at extreme temperatures will also require that other elements
(typically, tungsten, vanadium, or molybdenum) be present to trap carbon in the lattice even if
the temperature rises.
These alloying elements serve multiple purposes, depending on their concentrations. Table
3, below, displays some of the common alloying elements, their typical concentration ranges,
and their effects on the steel’s properties.

Carbon

Concentration
Range [13]
0.1-3%

Manganese

0.25-13+%

Phosphorous
Silicon

<1%
0.2-3.0%

Sulfur
Tungsten

<1%
0.1-18%

Vanadium

0.1-2.0%

Element

Primary Effects [13]
Improves hardenability at the expense of toughness. Steels with >1% carbon must
contain other alloying elements to utilize the extra carbon and improve ductility.
Promotes austenite-formation, improves ductility and wear resistance, and binds
with excess sulfur.
Increases machinability, strength, and corrosion resistance. Used in small amounts.
Deoxidizes steel in manufacture, improves strength, toughness, and elasticity, and
increases average grain size.
Increases machinability, strength, and corrosion resistance. Used in small amounts.
Produces hard, stable carbides that increase hardness and wear resistance. Promotes
a finer grain structure, which retains ductility despite higher hardness.
Produces hard, stable carbides that increase hardness and wear resistance. Promotes
a finer grain structure, which retains ductility despite higher hardness.

Table 3: Common Alloying Elements in Steel
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Upon full quench-hardening of a basic 1% carbon steel (such as W1 tool steel), the
resulting structure is very hard, often harder than a metalworking file or woodworking chisel, at
65+ HRc [7]. This is due to the carbon content of the steel being high enough to infiltrate a large
proportion of the iron lattice’s interstitial spaces, since carbon in the lattice acts as a physical
barrier to movement of the surrounding iron atoms. In metallurgy, hardness is known to be
caused by restriction of atomic movement in the crystalline structure of the steel. This type of
structure is known as a martensite, a very hard crystalline phase of steel grains. Thus, one can see
how increased carbon content changes the hardenability of steel. Although this is how carbon
steels achieve hardness, Hadfield steels are hardened differently, and this leads to notable
advantages
Factors Affecting the Crystal Structure of Hadfield Steel vs. Standard Steel
In contrast to plain carbon steels, Hadfield steels do not gain hardness from quenching –
they soften during the quench. The quenching heat treatment in Hadfield steels doesn’t exist to
harden the steel – it serves to dissolve the alloying elements into solution within the iron lattice.
As we described (also see Table 3), Hadfield steels, though relatively high in carbon, are also
extremely high in manganese, which is a promoter of austenite retention. Because the manganese
is atomically much larger than carbon, it requires extra effort to diffuse through the iron matrix,
and this requires a soaking temperature before quenching of more than 1000˚Celsius, far higher
than required for normal carbon diffusion [14].
As seen in the optical micrograph below, proper austenitizing and quenching of Hadfield
steel results in relatively large grains with smooth borders. Although some inclusions are present
in Figure 4 below (red arrows), minimal carbide formation is present at the grain boundaries, an
indication that the carbon has been successfully diffused into the grains themselves [16].
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Figure 4: Optical Micrograph of Properly Austenitized
and Quenched Hadfield Steel. [16]

Because Hadfield steel retains a 100% austenitic structure at room temperature, it remains
in a face-centered-cubic atomic organization. This explains the most remarkable property of
Hadfield steel – it is absolutely non-magnetic, despite being a high-carbon steel. This feature will
be examined more closely in the Properties section of this report.

Structural Effects from the Processing of Hadfield Steel
The processing of Hadfield steel is unique compared to most alloys, but if done
appropriately, it can yield several structural changes that increase hardness while also
maintaining ductility. There are three primary modes by which Hadfield steel’s structure changes
through the strain-hardening processes performed during manufacture: stacking fault formation,
twinning, and dynamic strain aging.
Stacking Fault Formation
Stacking faults are often formed due to plastic deformation in face-centered-cubic (FCC)
metals, like Hadfield steel. When the layers of atoms in the crystalline lattice become shifted by
deformation, the normal atomic arrangement (ABC-ABC-ABC, etc…) is interrupted, and a
material can be forced into a high-energy state with atomic planes in “faulty” locations. While
stacking faults are not the primary mode by which Hadfield steel strain-hardens, they do appear
as an additional mechanism [21]. Work done by Karaman et al. indicates that while FCC
materials are not particularly prone to development of stacking faults, Hadfield steels represent
an interesting variance from the standard FCC-type steels because they do, in fact, develop these
faults [18].
11
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Twinning
Twinning results from plastic deformation of metallic materials, in a way that alters the
crystalline structure within a grain. When a material is plastically deformed, grains slide along
their boundaries with other grains until they reach a stopping point. Once stopped, a grain may
start to deform within itself. In this regime, a shear plane within a grain may begin to slide – this
factor causes a crystalline structure to be stretched along its shear band, forming a “twin
boundary”, often abbreviated TB. Because crystals tend to be ordered and symmetrical, the
deformation around a TB is usually a symmetrical mirror image on either side. This creates an
intragranular discontinuity [17]. See Figure 5 for an optical micrograph of a twin boundary in
Hadfield steel.

Figure 5: Optical Micrograph of Plastically-Induced Twinning in Hadfield Steel. [20]

Twinning increases the strength of a material by impeding dislocation motion from the
induced discontinuities within the grains. As a result, materials that tend to form TBs are known
to work-harden very rapidly. This phenomenon is advantageous in applications subject to large
amounts of abrasion and impact. By hardening in response to strain, a steel can handle very
abrasive and hard materials while retaining the tougher core required to withstand hard impacts
[17].
Twinning is by far the most significant source of strain-hardening in Hadfield steel [21]
and it can be induced in Hadfield steel easily by cold working it. Deformation in the ranges of
30%-50% change in original shape is not uncommon and serves to improve the hardness and
abrasion resistance of the steel dramatically. In body armor, this would be accomplished, for
example, by cold-rolling a 3/16” plate down to 1/8” before cold-pressing it and punching it into
12
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the curvature of the armor itself over a mold. These plastic changes would increase the hardness
of the steel as well as its overall strength [19].
Dynamic Strain Aging
Understand dynamic strain aging requires familiarity with solid solution aging in steel, in
which the material is solution-treated after deformation, either at elevated temperature or for
extended periods. This process allows atoms to flow into local dislocations created during prior
deformation. The addition of solutes into dislocation sites can restrict subsequent movement,
thereby increasing yield strength and ultimate strength, but decreasing ductility as well [23].
Carbon is widely known as the most important solute atom in this process, which is one reason
why yield strengths of high-carbon steels tend to exceed those of low-carbon steels.

Dynamic strain aging, in contrast, pertains to migration of solute atoms (usually carbon)
into dislocations while the material is being deformed. This phenomenon does not occur in all
materials, as the concentration of carbon must be sufficient to diffuse into local dislocations
rapidly. Because the process occurs continuously during straining, the material reaches periodic
stoppages that require more stress to overcome, resulting in an irregular stress-strain curve that is
often described as “serrated.” In Figure 6 below, an example of this effect in a 12% Manganese
variant of Hadfield is shown on the lower strain rate curves, SR-3 and SR-5 [24].

Figure 6: Stress-Strain Curve of 12%-Mn Hadfield Steel at
Various Strain Rates. Note the Serrated Appearance of SR5. [24]

Properties of Hadfield Steel for Armor Applications
The processing and structure of Hadfield steels indicate how such steels might have
desirable properties for body armor. Any alloy of armor steel must be able to stop modern
projectiles. It must be harder than the projectile, have sufficient impact toughness to prevent
13
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cracking during impact, and it must exhibit excellent abrasion resistance to avoid material loss
from the high-velocity metal particles scraping along its surface as the bullet is deformed.

At very high impact velocities, modern projectiles produce strain rates so high that even
ductile materials like copper, brass, lead, and aluminum can become brittle upon impact with a
hard armor surface. Fridlund et al. found this result unexpectedly when testing how silicon
carbide ceramic reacted to an armor-piercing bullet fired at nearly 2,900 ft/s. The armor piercing
projectile used in the prior study was a standard M2AP .30-caliber round with a hardened-steel
core. This particular bullet was chosen because it represented the most extreme NIJ-0106 level
IV testing standard for personal body armor. While the core is hardened steel, the entire jacket is
a soft copper alloy with lead filler for weight and balance [15].
Upon examining the results of the live-fire experiment, the researchers found that, although
the hardened-steel core was indeed fractured in a brittle manner, so too were the copper and lead
components. These small remaining pieces of previously ductile metal were notably “broken,”
rather than stretched to failure in a normal time scale [15]. See Figures 7 and
8 below, showing the fractured hardened steel penetrator as well as the fractured copper and
lead particles after impact.

Figure 7: Brittle Fractured Hardened Steel
Penetrator [15]

Figure 8: Brittle Fractured Copper and Lead
Fragments [15]

The baseline performance of ceramic armor can be seen in Figures 9 through 12 below, in
which Fridlund et al. showed how the ceramic fracture patterns are used to dissipate energy and
spread the impact force over a large area through compressive, radial, and conical fracture [15].
This result correlates well with previous literature by Rahbek et al.; though the ceramic used was
of a different composition, the differential in hardness between the penetrator and the ceramic
plate is still large enough that similar crack patterns emerge [22].
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Figure 9. Radial Crack Pattern in Impacted Plate
(Simplified), [15]

Figure 10. Conical Crack Pattern in Cross Section of Impacted Plate
(Simplified), [15]

Figure 11. Radial Crack Pattern in
Impacted Plate [22]

Figure 12. Conical Crack Pattern in Cross Section of Impacted Plate
[22]

The final difference between the studies of any significance is the penetrator impact
velocity – while Rahbek et al. utilized a penetrator velocity of approximately 320 m/s [22]],
Fridlund et al. used a velocity of approximately 880 m/s. This difference in impact velocity
accounts for the disparity in the size of the resulting ceramic fragments. However, Fridlund et al.
expected this phenomenon, and were able to mitigate a large amount of the potential material
loss during experimentation by binding the ceramic face with a high-strength adhesive tape. This
tape was far too weak to withstand the shattering of the particles at the impact site, but it allowed
most of the pieces to remain in place for further X-Ray analysis of the crack pattern, as shown in
Figure 13 below [15].

Figure 13: Ceramic Tile Crack Pattern X-Ray Image [15]
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How might Hadfield steels fare in this experiment? Though Hadfield steel is technically a
steel alloy, it exhibits properties unlike any comparable family of steels. Standard 1% carbon
steels are widely used, even in highly alloyed variants, from 1095, to A2, O1, W1, and 52100
alloys, which encompass a large portion of the tool steels used in cutting implements, bearings,
shafts, wear-resistant plate, and several other applications. Because they all contain a
hypereutectic solution of carbon (i.e. more carbon than necessary to reach full hardness), they
can all reach very high hardness levels. The high level of manganese in Hadfield steel changes
how the bulk material reacts to physical stimuli through the mechanisms described in the
Processing and Structure sections of this analysis.

Table 4 below shows the difference in material properties between Hadfield steel and a
comparable 1% carbon tool steel (W1). As can be seen, Hadfield steel’s properties are very
different from those of a common steel alloy with equivalent carbon content. In contrast to W1
steel’s traits, Hadfield steel displays no magnetic influence, it does not quench harden, it shows
dramatic and rapid strain-hardening, it retains very high ductility despite its high hardness, and it
is nearly impossible to machine with ordinary tools.
Relative Magnetic
Permeability
Maximum Quench
Hardness
Maximum StrainHardened Hardness
Elongation at Break
Machinability vs. FreeMachining Steel

“Hadfield” Manganese Steel [6][8][9]

1.002
(Equivalent to Air, Copper, and Teflon)
Not Applicable, Quenching Only Refines
Grains
~55-65 HRc, depending on which alloy
variant used.
~15% at 55-60HRc
Nearly Unmachinable: ~0%

W1 Tool Steel [5][7][10]
100

67 HRc
Not Applicable
~3.5% at 51HRc
~40%

Table 4: Comparison of Physical Properties Between Hadfield Steel and W1 Tool Steel

Application to Armor: Performance of Hadfield Steel
Creating a hybrid composite plate with a steel strike face is not entirely a new concept, as
can be seen by AR500 Armor’s A3 hard armor plate, though they are somewhat rare in the
market. The benefits of multi-hit capability, decreased backface deformation, and a decreased
total weight are marked [27]. However, the existing models tend to be magnetic, which is not a
viable option for military use. Though the company making the aforementioned plate is not
willing to share the specific alloy used in the plate, a fair speculation would be that it is a highhardness abrasion-resistant alloy, like AR550 or AR600 steel, much like in their other offerings.
This sets the groundwork from which to base preliminary designs.

16

Jason Taylor Fridlund
Graduate Student
Group Q

Thus, Hadfield steel represents a novel addition to this technology. The unique properties
of Hadfield steel previously discussed, non-magnetism and rapid strain-hardening, would
contribute to its exceptional armor performance. It seems a suitable upgrade to the existing
magnetic steel/composite hybrid plates currently marketed by AR500 Armor. The performance
effects of these traits are discussed below.
Non-Magnetism

Austenitic steels are non-magnetic, though they tend to be relatively soft and unlikely to
benefit from hardening. Because Hadfield steels are entirely austenitic, even in the strainhardened condition, they retain no magnetism from manufacture and do not gain magnetism
through use. This is a key feature because all government acquisition requirements mandate that
any body armor must be non-magnetic [6].
Strain-Hardening
Strain hardening, as a gross mechanism, is incredibly useful for armor. During the forming
process, in which the plate is bent to final shape, significant hardness can be attained, while
further processing with shot-peening can allow the surface of the metal to retain a maximum
possible hardness. High hardness is desirable because if the bullets are softer than the steel, the
bullets will tend to flatten and shatter, expending significant energy radially, further decreasing
the point pressure on the steel face.
There is a limit to this hardness, however, because the impact energy of the bullet must not
exceed the fracture toughness of the steel. An example of this case can be found in a 750gr. 50BMG round that is made from copper, aluminum, and lead, but weighs approximately five times
what a 150gr. 7.62x51 NATO round might with similar velocity. This results in a relatively soft
projectile, but carrying five times as much energy at the muzzle as the 7.62 round; and because
the 50-caliber round does not lose velocity as quickly as the 7.62 round does, it carries that
energy much farther down range. In this case, steel body armor of high hardness may actually
crack from the magnitude of the energy forced into it. Thus, steel armor may be relegated to
relatively lower-energy munitions up to .338 Lapua or similar. See Table 5 for a comparison of
bullet energy from various types of ammunition.
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TABLE 5: Rifle Projectile
Comparison
Mass (kg.)
Frontal Area (in. )
2

Sectional Density (kg/in )
2

5.56mm
NATO Ball
Rifle

7.62mm
NATO Ball
Rifle

.30-Caliber
Sniper Rifle
(300 Norma)

.33-Caliber
Sniper Rifle
(.338 Lapua)

.50-Caliber
Sniper Rifle
(50 BMG)

0.004

0.010

0.0149

0.0194

0.049

0.039

0.075

0.075

0.090

0.204

0.1026

0.1333

0.1987

0.2156

0.2402

*Approx. Muzzle Velocity (m/sec)
950
850
880
850
860
Kinetic Energy at Muzzle Velocity (J) 1,805
3,612.5
5,769.3
7,008.3
18,120.2
**Scaled Penetration Ability ((Kinetic 46.3
48.2
76.9
77.9
88.8
2
Energy (J)/Frontal Area(in )) / 1,000)
* Note: Muzzle velocities retrieved are for reference only and are representative of the caliber and likely use.
** Note: Scaled Penetration Ability is calculated for reference. It can also be described as Kinetic Energy Density

Conclusions and Further Work
Hadfield steel is a decidedly unique alloy. Its birth in the late 19th century and subsequent
perfection in the early 20th century let it to be the first widely used and understood alloy steel in
history. The unusual chemistry with large amounts of manganese was revolutionary at the time,
and it created unexpected properties, like rapid strain-hardening, nearly impossible machining,
and high-hardness combined with high toughness. From military helmets that withstand direct
pistol fire without denting, to modern mining equipment that must endure constant impact
without fracturing, this family of alloys has separated itself from other steels throughout the last
100 years [6,8,9,12].
Creating a PSPP map of Hadfield steel as applied to body armor has uncovered an area of
armor research that seems, as of yet, relatively unexplored. The map clearly indicates how each
step of the manufacturing process affects the structure of the steel; in turn, these structures
change the properties of the material, thereby creating what is likely to be improved performance
of Hadfield steel relative to current materials in armor applications.
Further work will likely encompass testing this solution using a set of custom fabricated
armor plates of similar weights. One will have a hybrid ceramic/Hadfield steel structure, while
the other will be a traditional ceramic strike face. The operating hypothesis of this experiment is
that pistol rounds and fragmentation will not have the energy or penetration ability to pierce the
steel, leaving the ceramic and composite backings relatively intact. However, a rifle bullet likely
would have enough energy to pierce the steel plate, though the energy would be significantly
reduced, and the ceramic and composite components would have a better chance of stopping the
threat than if the steel plate were absent.
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